We are currently experiencing the sixth major extinction event in the world's history (Thomas et al. 2004 ). This event is more pervasive than the previous five and is overwhelmingly human-driven. Nevertheless, distinguishing between the proximate and ultimate causes of extinction is often difficult (Caughley 1994) . Alongside these extinctions, we have recently witnessed a number of complex species interactions that have restructured entire ecosystems and contributed to the decline of biodiversity. These interactions often involve apex predators, suggesting that species of high trophic status play important roles in ecosystem function (Estes 1995; Terborgh et al. 1999 ). This putative role of predators as key players maintaining biodiversity, combined with their widespread decline (e.g., Laliberte and Ripple 2004) , presents a situation with high stakes for the conservation of biodiversity.
This volume addresses the question of how the removal of whales in various fisheries influenced the workings of modern oceans. Despite the recent and dramatic nature of these events, their consequences are both controversial and poorly documented. Here, we offer a comparative view of other systems in which food web reorganization has apparently followed anthropogenic disturbances to key vertebrates. Joining evidence from a series of observations in terrestrial ecosystems with coastal marine case studies ( Jackson, Chapter 4 of this volume; Springer et al., Chapter 19 of this volume), we argue that prehistoric, historic, and present-day reductions in some vertebrate populations may have been initially triggered by human action. We will further argue that these reductions subsequently distorted ecological dynamics, leading to ecosystem simplification or decay. We first turn to deep history in an effort to examine terrestrial vertebrate extinctions in the late Pleistocene and Holocene; we discuss potential mechanisms and present day conservation implications of losing our Pleistocene fauna. We then discuss historic and contemporary examples of strong species interactions and ecosystem decay, starting on land and moving to coastal seas. Some of these interactions are associated with the overexploitation of key species; all are related to human impacts. An emerging synthesis that terrestrial biodiversity is often strongly influenced by species interactions of high trophic status and how human action can perturb such interactions-from 50,000 years ago to the present-offers a bold new view for marine environs. Within the coastal realm, the evidence is reasonably strong for both the importance of top-down forcing (Paine 1966 (Paine , 2002 and the impacts of human overharvesting (Jackson et al. 2001; Hjermann et al. 2004) .
We suggest that, taken in aggregate, the observed ecological dynamics in a variety of prehistoric, historic, and present-day settings are of paramount importance in understanding the current biodiversity crisis and strengthening the case that high-trophic-level consumers play vital roles in structuring ecosystems (Soulé et al. 2003) . What the land provides us better than any other class of ecosystem is a view of the past and of how now-extinct creatures shaped the life histories of extant species through what must have been the selective forces of strong species interactions. This is one potential window for better understanding the historical ecology of the sea.
Lessons from Land's Past The Demise of Our Pleistocene Heritage
Looking to the past-near time, or the last 50,000 years-we come upon a cluster of remarkable extinctions that represent a prophecy for the mass extinction unfolding today. The Pleistocene extinctions, along with potential mechanisms, offer insights into contemporary terrestrial and marine ecosystems and their dynamics. Understanding the import of the Pleistocene extinctions and the ecological and evolutionary interactions that were lost with them ( Janzen and Martin 1982) are of paramount importance for conservation (Flannery 1995; Donlan and Martin 2004; Foreman 2004) .
In near time, biogeographers recognize over 100 extinctions of large continental vertebrates (Ͼ45 kg), including a host of large mammals and flightless birds, some giant lizards, terrestrial crocodiles, and giant tortoises. Most megafaunal extinctions occurred in the Americas and Australia, with smaller numbers of vertebrates going extinct in Madagascar and New Zealand. North America alone lost 31 genera of large terrestrial mammals. South America lost even more (Martin 2002) . American losses included elephants, ground sloths, glyptodonts, equids, camelids, cervids, tayassuids, giant bears, saber-tooth cats, and two endemic mammalian orders restricted to South America, the Litopterna and Notoungulata. Calibrated radiocarbon dating places these losses at or slightly later than 13,000 YBP (Martin 2002) . Over 30,000 years earlier, Australia lost a series of giant marsupials, along with giant lizards such as Megalania (450 kg or more) and terrestrial crocodiles. The cause of these near-time extinctions have been debated for decades (Martin and Wright 1967; Martin and Klein 1984; MacPhee 1999) , and the search for an answer has unfailingly provoked controversy among anthropologists, archaeologists, ecologists, geographers, and vertebrate paleontologists, not to mention natural historians in general and the public at large.
Two scenarios vie for preeminence among those searching for the cause of the Pleistocene extinctions: (1) lethal changes in climate and (2) rampant predation, or overkill, owing to the initial invasion and spread of Homo sapiens. Mounting evidence now points toward a human cultural model (Alroy 2001; Fiedel and Haynes 2003; Lyons et al. 2004) . Perhaps the most powerful support for the overkill hypothesis is the time-transgressive nature of extinction events coincident with the arrival of humans, starting in Australia ca. 46,000 YBP, then North and South America ca. 13,000 YBP, then the islands of Oceania ca. 3000 YBP, Madagascar ca. 2400 YBP, and lastly New Zealand less than 500 years ago (Steadman 1995; Martin and Steadman 1999; Roberts et al. 2001; Worthy and Holdaway 2002) . With such a pattern, a climate-driven scenario is problematic.
Even when the near time extinctions are viewed on a continent-to-continent perspective, new information on Quaternary climate elucidates additional problems with climate-driven scenarios. It is clear that climate played little, if any role, in the Australian extinctions ca. 46,000 YBP. Rather, the arrival and expansion of humans appear to be the likely culprit (Flannery 1999) . Those who favor a climatic explanation for extinction in the Americas commonly turn to the Younger Dryas (YD) cold snap, recorded in thickness, dustiness, and other features of ice cores from Greenland. This cold snap was followed by an abrupt warming event at 11,570 YBP, more than 1,000 years after the disappearance of the megafauna. Discordant timing acquits a warming event from any causal primacy in the American Pleistocene extinctions. Those favoring a climate model in the Americas must then link the YD with megafaunal extinction. There is no such link. Changes during the ca. 1,000-year-long YD were no more abrupt or cold than the 24 climatic oscillations over the previous 100,000 years (Alley and Clark 1999; Alley 2000) . The plant fossil record from thousands of fossil packrat middens in western North America have documented that range shifts rather than extinction were the norm (Betancourt et al. 1990) , and only a single plant extinction is known from the late Pleistocene (Jackson and Weng 1999) . Large mammals are more widely distributed and mobile than plants and small mammals are. Considering these advantages, combined with their general diets (Davis et al. 1984; Hanson 1987) , American megafauna would likely not have been challenged by shifts in plant distributions-they would have moved, not gone extinct. Further, evidence from Beringia suggest a different relationship between Pleistocene herbivores and plant communities: The late Pleistocene shift from a grass dominated steppe to a vegetation mosaic dominated by mosses appears not to be driven by climate but rather by the loss of large mammalian grazers (Zimov et al. 1995) . Perhaps top-down forcing via strong species interactions was more important than environmental forcing in some Pleistocene ecosystems.
Short of a natural catastrophe, it seems unlikely that a climatic crisis sufficient to force an extraordinary loss of Pleistocene mammals from such large regions could have escaped detection in the wealth of proxy climatic data now available within near time. With the exception of a few people clinging to a vague climate model (Grayson and Meltzer 2003) , more and more researchers are convinced of a cultural mechanism driving the Pleistocene extinctions (Martin and Steadman 1999; Miller et al. 1999; Alroy 2001; Worthy and Fiedel and Haynes 2003; Kerr 2003; Lyons et al. 2004 ). Now, it appears, "The right question probably isn't whether people were involved, but how?" (O'Connell 2000) .
Despite mounting evidence for the role of humans in the demise of Pleistocene megafauna, the details of the original American overkill model (Mosimann and Martin 1975) and a more recent model (Alroy 2001) are likely unrealistic, for a number of important reasons (Fiedel and Haynes 2003) . First, human populations during the Clovis era were likely an order of magnitude less abundant than previously modeled; probably no more than 50,000 people resided in North America ca. 13,000 YBP (Haynes 2002) . Most megafaunal extinctions took place within 400 years of human arrival, suggesting that a few people over a short time period had to be responsible for the extinctions (Fiedel and Haynes 2003) . Other factors include the actual behavior of the Clovis people; evidence suggests that humans probably did not spread in a wavelike fashion across the continent, as once envisioned (Anderson 1990; Dincauze 1993) . Given this new information, how could a small human population wipe out a continentful of large mammals?
Perhaps the American continent was not as full as once suspected. Although estimating Pleistocene densities of large mammals is difficult, these behemoths, such as mammoths and giant ground sloths, were not predator-free upon human arrival. They would have been vulnerable to a suite of predators, including giant short-faced bears (Arctodus simus)-the most powerful predator of Pleistocene North America (Kurtén and Anderson 1980) . Bones of Arctodus were associated with mammoths at Huntington Canyon, Utah, and Mammoth Hot Springs, South Dakota. Bones of young mastodons in Friesenhan Cave, Texas, lay with those of dirk-tooth cats (Megantereon hesperus), suggesting another predator-prey relationship rarely revealed by the fossil record (Kurtén and Anderson 1980) . A broken Beringian lion tooth (Panthera leo atrox) stuck in the muzzle of an extinct Alaskan bison (Bison priscus) provides another example, reminiscent of African lions using a muzzle bite to choke African bovids to death (Guthrie 1990) .
The famous tar pits of Rancho la Brea depict a Pleistocene ecosystem in which carnivores completely utilized prey carcasses and suffered an abundance of broken teeth in the process, suggesting intense interspecific competition among carnivores for what may have been limited prey (Van Valkenburgh and Hertel 1993) . Tens of thousands of bones and teeth of saber tooth cats (Smilodon fatalis) have been excavated from La Brea, representing at least 1,200 individuals (Quammen 2003; Kurtén and Anderson 1980) . Remains of dire wolves (Canis dirus) are also abundant. Potential prey would have included camels, bison, horses, ground sloths, and other large herbivores. From these associations, along with current observations of large-mammal predator-prey dynamics from the African Serengeti (Sinclair et al. 2003) , we can be relatively certain a large array of predators preyed upon the Pleistocene herbivores when humans arrived over the Bering Land Bridge.
Perhaps the first Americans lent a helping hand to these Pleistocene predators, triggering a cascade of extinctions (Janzen 1983) . Contemporary and historic examples in terrestrial and marine systems reveal how novel apex predators triggered wholesale food web changes that included the precipitous decline of prey species (Estes et al. 1998; Roemer et al. 2002) . In some cases, relatively few predators triggered the declines. Could Pleistocene hunters have played a similar role ( Janzen 1983; Kay 2002) ?
Two ecological scenarios might have been operating. First, nomadic hunters could have moved into a new area, depleted the stock of large herbivores, and subsequently moved to another area, leaving the diverse and abundant assemblage of native predators to drive the reduced herbivore populations to extinction, with overexploitation ultimately leading to the extinction of native predators as well (Janzen 1983) . Alternatively, the loss of strong megaherbivore-plant interactions through targeted hunting by humans, could have resulted in the loss of nutrient-rich and spatially diverse vegetation, an effect that has been observed contemporaneously in Africa with elephants (Owen-Smith 1987 , 1988 . The loss of these "keystone herbivores" could have triggered a series of ecological events leading to wholesale extinction (Owen-Smith 1987). However, certain evidence does not support this second scenario. Seventeen North and South American genera went extinct between 11,400 and 10,800 RCBP (radiocarbon years before present), with proboscideans clustering toward the end of this period and other smaller herbivores (e.g., Equus and Camelops) disappearing earlier (Fiedel and Haynes 2003 , and references therein). One would expect the opposite pattern with the keystone herbivore hypothesis (Owen-Smith 1987) . Nonetheless, Pleistocene herbivores have often been viewed as being regulated simply and exclusively from the bottom up, a view inconsistent with key paleoecological evidence and contemporary examples (Van Valkenburgh and Hertel 1993; Terborgh et al. 1999; Kay 2002; Sinclair et al. 2003) .
Long-term studies in the Serengeti support the premise that most mammalian herbivores are regulated by predation (Sinclair et al. 2003) . Herbivore populations appear to be regulated by the diversity of both predators and prey and by the body size of the herbivore relative to other herbivores and predators in the community. Large predators not only feed on large prey but also affect smaller prey species. Consequently, smaller prey are eaten by a diversity of predators of varying body size, from small to large (Sinclair et al. 2003) . During the Pleistocene in North America, both predators and herbivores were larger and more diverse than they are in the Serengeti today (Van Valkenburgh and Hertel 1993; Martin 2002; Sinclair et al. 2003) , and similar processes could have operated as long as the diversity of body sizes existed.
If North American Pleistocene herbivores were regulated from the top down by predators, the presence of a highly interactive novel predator, humans, could have triggered a cascade of extinctions (Figure 3 .1). This may have been the case a few thousand years ago in Oceania, with the arrival of F I G U R E 3.1. Hypothesized trophic relations between Pleistocene megafauna, humans, and primary production in North America. (A) Prior views suggested that the trophic web was bottom-up driven: Plants controlled herbivore populations, which in turn influenced the abundance of carnivores. Predators, including humans, had little influence over herbivore populations. (B) More plausible is a top-down view whereby large carnivores, from the formidable short-faced bear to the dire wolf, had an equally important effect on megaherbivore population dynamics. Once humans reached North America, they depleted megaherbivores, in turn reducing the prey available, causing declines in their predators-triggering wholesale ecosystem collapse.
humans to islands containing pygmy elephants (Stegodon trigonocephalus florensis and S. sompoensis) and Komodo dragons (Varanus komodoensis, Diamond 1987) . Prior to the arrival of humans to the Wallacea islands (ϳ4000 BC), pygmy stegodonts were present on a number of islands, along with the Komodo dragon (Auffenberg 1981) . While the exact mechanism remains elusive, Diamond (1987) suggests that the Komodo dragon evolved to prey on pygmy elephants, and that the arrival of a novel hunter, humans, caused not only the extinction of the pygmy elephants but a decline of their specialized predator as well. The largest living lizard is now confined to just five islands, feeding mainly on livestock and other introduced prey (Auffenberg 1981) .
Although uncertainty will always be present with these near-time extinctions, it is incontestable that the late Pleistocene extinctions were a unique event in the history of life (Alroy 1999; Barnosky et al. 2004) . And these extinctions abruptly ended a multitude of species interactions-leaving many species anachronistic in their landscape.
The Ghosts of Evolution's Past: Anachronisms on the Landscape
The ecologies of certain large-seeded plants and animals are incomplete when not viewed through the lens of the Pleistocene ( Janzen and Martin 1982; Janzen 1986) , taking into account the loss of an entire suite of plant-herbivore and predator-prey interactions ca. 13,000 YBP. Many of the prominent, large perennial plants of the Chihuahuan desert (Opuntia, Yucca, Acacia, Prosopis) are in at least partial ecological and evolutionary disequilibria with the loss of their Pleistocene grazers, browsers, and seed dispersers ( Janzen 1986 ). Tropical palms (Scheelea, Bactris), nitrogen-fixing legumes (Acacia, Hymenaea, Prosopis), and other Central and North American trees (Crescentia, Asimina, Maclura) were likely dispersed by a suite of Pleistocene large herbivores, including gomphotheres, ground sloths, and horses ( Janzen and Martin 1982; Barlow 2000) . Plant-herbivore studies in Africa, as well as observations of European horses and cattle in Central America, support this hypothesis ( Janzen 1981; Yumoto et al. 1995; Barlow 2000 , and references therein).
American pronghorn (Antilocapra americana) provide an animal example: four million years of directional selection to avoid swift predators such as the American cheetah (Miracinonyx) came abruptly to an end for the pronghorn in the late Pleistocene (Byers 1997) . These "ghosts of predators past" are reminders of just how fast the American cheetah was. Pronghorn, with speeds of 100 km/hr, are second only to the African cheetah (Acinonyx jubatus, Lindstedt et al. 1991) . With such evolutionary forces now absent, one must wonder whether the antelope is slowing.
These ecological and evolutionary losses and their ecological and conservation implications have only recently been appreciated, and largely for terrestrial systems (Janzen and Martin 1982; Martin 1999; Burney et al. 2002; Steadman and Martin 2003; Donlan and Martin 2004) . For example, the current distributions of some extreme anachronistic plants (Osage orange [Maclura pomifera] and Crescentia alata) with megaherbivore dispersal syndromes have been severely reduced compared to their distributions in the Pleistocene (Gentry 1983; Schambach 2000) . Of seven Maclura species present in North America in the Pleistocene, a single species now survives. Could such taxa be on their way out because of the loss of important species interactions?
Finally, could the extinctions of the late Pleistocene and Holocene serve as an overture to the current mass extinction event underway? We now turn to some contemporary examples of ecosystem decay in terrestrial systems, in an effort to elucidate possible similarities between human-driven biodiversity loss in the Pleistocene and the removal or addition of species from high trophic levels in contemporary time.
Lessons from Land's Present
Several contemporary studies of terrestrial ecosystems have revealed linkages between human action, strong interspecific interactions, intersystem connectivity, and trophic reorganization that have led to ecosystem simplification or degradation. The removal or addition of large vertebrates appears to be the proximate driver in these dynamics. Examples include the ecological collapse in tropical forest fragments bereft of predators (Terborgh et al. 1997; Terborgh et al. 2001 ); substantially altered plant-herbivore-ecosystem dynamics following the loss of predators from the Greater Yellowstone Ecosystem (Berger 1999; Ripple and Larsen 2000; Berger et al. 2001; Ripple et al. 2001) ; loss of an apex carnivore from habitat fragments in an urbanized landscape that released a subsidized predator (domestic/feral cats, Felis catus), which then caused declines in avian diversity (Soulé et al. 1988; Crooks and Soulé 1999) ; and the reorganization of a food web on the California Channel Islands that caused the decline of the island fox (Urocyon littoralis) because of heightened predation by golden eagles (Aquila chrysaetos), a community shift ultimately triggered by the presence of an exotic species (Roemer et al. 2001; Roemer et al. 2002) . These examples contribute to the mounting evidence supporting the importance of apex predators in maintaining biodiversity and point to the complex interaction web pathways through which these effects are manifested.
Ecological Meltdown at Lago Guri
The creation of one of the world's largest hydroelectric dams in the Caroni Valley of Venezuela provides insight into how the loss of apex carnivores can lead to ecosystem decay. In 1986 Lago Guri reservoir reached its highest levels, flooding 4,300 km 2 of tropical forest and forming a series of newly isolated "island" fragments (0.1 to 350 ha in size). Because many of these fragments were too small to maintain viable populations and too far from the mainland to be recolonized, they lost their apex predators, such as jaguars (Panthera onca), mountain lions (Puma concolor), and harpy eagles (Harpia harpyja). Since 1993, John Terborgh and colleagues have documented the resulting ecological decay of these now predatorfree islands (Terborgh et al. 1997; Terborgh et al. 1999; Rao et al. 2001; Terborgh et al. 2001 ). On the smaller islands (1 to 10 ha), seed predators (rodents) and generalist foliovores (iguanas [Iguana iguana], howler monkeys [Alouatta seniculus], and leaf-cutter ants [Atta spp. and Acromyrmex sp.]) experienced ecological release that resulted in an increase in population densities by one to two orders of magnitude. The hyperabundant consumers in turn unleashed a trophic cascade, causing significant changes in the plant community. Seedling and sapling densities and the recruitment of certain canopy trees were severely reduced. Lago Guri herbivores, released from top-down regulation, appear to be transforming the once species-rich forest into a simpler, peculiar collection of unpalatable plants Terborgh et al. 2001 ; also see Donlan et al. 2002 for another experimental example).
The dynamics at Lago Guri elucidate a second important lesson: The proximate mechanism causing biodiversity decline is often uniquely determined by idiosyncratic patterns of species occurrence (Terborgh et al. 1997 ). For instance, on one island, olive capuchin monkeys (Cebus olivaceus) became hyperabundant, decimating bird populations by raiding nests. Meanwhile, on similarly sized islands nearby that lacked this mesopredator, bird populations persisted. On other islands, ecological decay involved not olive capuchins but rather leaf-cutter ants or agoutis (Dasyprocta aguti). Thus, while the ultimate cause of biodiversity decline at Lago Guri appears to be the loss of top predators, the proximate mechanisms by which this decline is achieved are often complex and unpredictable. These observations suggest that predicting extinctions will prove difficult.
Predator-Prey Disequilibria in North America
The loss of predators in temperate ecosystems of North America has produced similar ecological effects. In the Greater Yellowstone Ecosystem, and throughout the western United States, poaching and predator control programs in the late 1800s and early 1900s resulted in a regionwide reduction of apex predators, including the grizzly bear (Ursus arctos), gray wolf (Canis lupus), and mountain lion (Laliberte and Ripple 2004) . The eradication of predators set off a series of ecological ripples, in some cases with far-reaching consequences. In Yellowstone National Park (YNP), herbivory by elk (Cervus elaphus) essentially halted aspen (Populus tremuloides) recruitment starting in the 1920s, coinciding with the eradication of wolves from the region, once a significant source of elk mortality (Ripple and Larsen 2000; Ripple et al. 2001) . Elk populations in the northern Greater Yellowstone Ecosystem have skyrocketed since the cessation of artificial control programs, from approximately 4,500 in the late 1960s to 20,000 by 1995 (Soulé et al. 2003) . Heavy elk browsing on willows (Salix spp.) precipitated landscape change, including the near-disappearance of beaver wetlands. The beaver wetland ecosystem promotes willow establishment by raising the water table and enhancing productivity (Naiman et al. 1986 ). The loss of beaver (Castor canadensis) and its associated ecosystem has also been observed in Rocky Mountain National Park; here, too, these changes appear linked to the loss of large carnivores Soulé et al. 2003) . Beaver losses have further triggered biological and physical changes, including a 60% decline in willow stands, a lowering of the water table, increased erosion, and streambed channelization.
A similar dynamic has been documented in the southern Greater Yellowstone Ecosystem, where moose (Alces alces) have become hyperabundant following large predator reductions ). In the region of Grand Teton National Park a comparison between public lands outside the park (where humans hunt moose) and the park proper (where hunting is prohibited and moose densities are five times higher) demonstrated that moose overbrowse riparian habitats in complex ways. Like elk herbivory, moose herbivory substantially altered the distribution and abundance of willow, in this case with cascading impacts on the diversity and abundance of nesting migrant songbirds. Bird species richness was reduced by 50% within the park proper in comparison to surrounding areas where moose densities were lower. Mitigating for the past management action of removing predators in this National Park will prove challenging.
Coyotes, Habitat Fragmentation, and Mesopredator Release
With a decline in wolves across North America, a smaller canid, the coyote (Canis latrans), prospered in areas previously occupied by wolves, expanding their range from the western United States across the continent (Laliberte and Ripple 2004) . In some systems coyotes became the apex predator, creating effects that trickled through lower trophic levels, ultimately influencing biodiversity. For example, in the highly urbanized area of southern California, natural sagescrub habitats have become increasingly fragmented, resulting in patches of varying size and ecological history (Soulé et al. 1988; Bolger et al. 1991) . In fragments juxtaposed to urban areas, several native (grey fox, striped skunk, and raccoon) and exotic (opossum and domestic cats) predators are present. Some patches are large enough to support coyotes, which directly kill or exclude the smaller mesopredators (Crooks and Soulé 1999) . Mesopredators become abundant in patches where coyotes are absent, and this increase reduces avian diversity. The abundance of certain scrub-breeding birds is lower in coyote-free fragments, often less than 10 individuals in the smaller fragments (Bolger et al. 1991) . Such low population sizes result in higher local extinction rates, with perhaps as many as 75 extirpations over the past 100 years in this southern Californian ecosystem (Bolger et al. 1991) . Crooks and Soulé (1999) conclude that presence or absence of coyotes, subsequent mesopredator activity, and 20 B A C K G R O U N D fragmentation effects interact to structure these ecological communities (Figure 3 .2).
Turning Predators into Prey: Trophic Reorganization of an Island Ecosystem
The recent arrival of a novel apex predator on the California Channel Islands further demonstrates the ability of apex predators to change ecosystems swiftly. In the mid-1990s, island fox (Urocyon littoralis) populations in Channel Islands National Park (CINP) declined rapidly (Roemer et al. 2002) . By 1999, less than 200 foxes were known to be alive on the three northern Channel Islands, where just 6 years earlier an estimated 3,600 occurred (Roemer et al. 1994) . Disease was initially suspected, but further investigation identified the presence of an exotic species, the feral pig (Sus scrofa), as the primary driver of the declines (Roemer et al. 2000; Roemer et al. 2001; Roemer et al. 2002) . Pigs, by acting as an abundant prey, enabled mainland golden eagles to colonize the northern Channel Islands. Eagles, in turn, preyed upon the unwary fox as well, causing its decline. Pigs, with their high fecundity, larger body size, and more nocturnal habit, could cope demographically with heightened levels of predation: Eagles fed mainly on small piglets, and when piglets reached a certain size (ϳ10 kg), they became immune to eagle predation. In contrast, foxes were far more susceptible to eagle predation because of their low fecundity, their small adult body size (ϳ2 kg), and the fact that they are often active during the day. This interaction, a form of apparent competition (Holt 1977) , led to an asymmetrical effect on these two species. Eagle predation had little effect on the exotic pig but drove the endemic fox toward extinction (Figure 3.3) .
The presence of pigs, and subsequently golden eagles, further triggered a reorganization of the island food web. Historically, island foxes were the largest terrestrial carnivore and were competitively dominant to the island spotted skunk (Spilogale gracilis amphiala, Crooks and Van Vuren 1995; Roemer et al. 2002) . Prior to the arrival of eagles on Santa Cruz Island, foxes were captured 35 times more frequently than skunks (Roemer et al. 2002) . As foxes declined, skunks were released from competition and increased dramatically (skunk capture success increased 17-fold; Figure 3.3) . 1990-94 1995-99 1960-70 1970-79 1980-89 1950-60 
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Although pigs were linked to the decline in foxes on the northern Channel Islands, the ultimate cause of this complex interaction may have been a result of historic, humaninduced perturbations to the islands, adjacent mainland, and to the surrounding marine environment (Roemer et al. 2001) . European agricultural practices, together with overgrazing by introduced herbivores, reduced vegetative cover on the islands and probably increased the vulnerability of foxes to avian predators. Environmental contamination of the marine environment with DDT led to the extirpation of the bald eagle (Haliaeetus leucocephalus) from the Channel Islands by 1960 (Figure 3.3; Kiff 1980 ). Unlike golden eagles, which are terrestrial predators, bald eagles are primarily piscivorous and forage over marine environments; they are also territorial and aggressive toward other raptors, and thus they may have competed with golden eagles for nest sites (Roemer et al. 2001) . Finally, increased urbanization along the southern California coast reduced golden eagle habitat, possibly displacing them to new hunting grounds on the islands (Harlow and Bloom 1989) . Although speculative, this complex series of anthropogenic disturbances could have facilitated golden eagle colonization of the islands and their subsequent effects on island foxes.
Looking Seaward
Compared with terrestrial ecosystems, the oceans suffered few extinctions during the Pleistocene and Holocene (Martin 2002) . The Caribbean monk seal (Monacus tropicalis) and Steller's sea cow (Hydrodamalis gigas) are the rare exceptions. Nonetheless, ecological extinctions (sensu Estes et al. 1989) in marine environments are widespread and appear driven mainly by overharvesting ( Jackson et al. 2001 ). Many of these events were precipitated by the loss of highly interactive species, whose decline elicited wholesale ecosystem simplification and degradation (Estes et al. 1989; Soulé et al. 2003) . Examples include sea otters (Enhydra lutris) in the northern Pacific (Estes et al. 1998; Springer et al. 2003) , predatory and herbivorous fishes on coral reefs (Hughes 1994; Pandolfi et al. 2003) , and green turtles (Chelonia mydas) and dugongs (Dugong dugon) in tropical sea grass communities (Jackson et al. 2001) .
The kelp forests of the Northern Pacific offer the most compelling example of the pervasive effects caused by ecological extinction. This ecosystem is inhabited by a multitude of strongly interacting species, including kelps, strongylocentrotid sea urchins, and sea otters. Historically, kelp forests were abundant as sea otters preyed on sea urchins, which prevented the sea urchins from overgrazing the kelp (Estes and Palmisano 1974) . Subsequent to human occupation of the western Aleutian archipelago (ϳ2500 YBP), sea otter harvesting by aboriginal Aleuts triggered community shifts (Simenstad et al. 1978) . Fur traders exacerbated this community transformation in the 1800s by hunting the sea otter to near extinction. Kelp forests declined or disappeared, grazed away by sea urchins released from sea otter predation. With legal protection, sea otters and their kelp forest ecosystems recovered. This sequence of historic events provides strong empirical support for the importance of a highly interactive predator in the maintenance of an entire ecosystem at a regional scale (Estes and Duggins 1995) .
The ecology of the Northern Pacific also provides a principal example of how human perturbation can trigger cascading events across ecosystems, in this case from the open ocean to coastal kelp forests. Populations of seals, sea lions, and, most recently, sea otters collapsed sequentially throughout the Northern Pacific during the latter decades of the twentieth century. Killer whales (Orcinus orca) appear to be responsible for the declines, but human overfishing of large whales during the mid-twentieth century may have ultimately triggered this chain of events (Springer et al. 2003) . The advent of large-scale industrial whaling in the North Pacific following World War II drove the decline of the great whales in this region. Springer et al. (2003) hypothesized that as the large whales grew scarce, killer whales switched from feeding on large whales to feeding on smaller marine mammals, effectively "fishing-down" the marine food web. In sum, the onset of industrial whaling, and the subsequent ecological extinction of the great whales, appear to have triggered an unprecedented ecological chain reaction that ultimately caused the deforestation of coastal kelp forests. (Figure 3 .4, Estes et al. 1998; Springer et al. 2003) . Remarkably, few killer whales may have been responsible for the sequence of events; six individuals preying exclusively on sea otters could have driven the decline in otters throughout the Aleutian archipelago (Estes et al. 1998 ). These ecological extinctions and their wide-ranging effects on other species may be more common than previously appreciated in other coastal marine ecosystems (Jackson et al. 2001) .
Many coastal ecosystems were degraded long before ecologists began to study them (Jackson 1997) . These degradations appear to have been caused by the ecological extinction of highly interactive species through overfishing. Paleoecological, archeological, and historical data lend credence to this view (Jackson et al. 2001) . For example, coral reef ecosystems began to decay centuries ago, long before the recent outbreaks of coral disease and bleaching (e.g., Harvell et al. 1999) . Such proximate drivers were preceded by declines in large predatory and herbivorous fishes caused by human overharvesting. Hence, overfishing may ultimately best explain the long-term, global declines in coral reefs (Pandolfi et al. 2003) . Similarly, recent mass mortality of seagrass beds is often associated with increases in sedimentation, turbidity, or disease (Hall et al. 1999; Abal et al. 2001 ). Yet the ecological extinction of large vertebrate herbivores through overfishing may have increased the ecosystem's vulnerability to these agents of change. For example, historic estimates for the endangered green turtles in the Caribbean alone were as high as 33 million individuals, and there may have been over 100,000 dugongs among the seagrass beds in Moreton Bay, Australia (Jackson et al. 2001) . Jackson et al. (2001) have argued that the increased seagrass abundance that resulted (B) Subsequent cascading events in coastal waters of the Aleutian Islands, Alaska, where sea otters declined, sea urchins increased along with grazing intensity, and the density of kelp plummeted. Arrows represent strong and weak species interactions with and without killer whale predation. Reproduced from Springer et al. 2003 and Estes et al. 1998 . from the loss of these abundant herbivores greatly increased their vulnerability to the spread of disease.
These marine scenarios highlight that functional extinction of species precedes ultimate extinction and that the decline of highly interactive marine species appears to hasten the dissolution of ecological interactions, which then leads to ecological decay. In most coastal marine systems, overexploitation of highly interactive species appears to have set the stage for the cascade of events that followed. By this view, such perturbations may reduce resilience to further disturbance, allowing proximate forces such as increased turbidity, pollution, and disease to act as the coup de grace furthering ecosystem degradation.
Conclusion
The ecological decay witnessed in the terrestrial systems discussed are all linked to changes in the abundance of highly interactive predators-loss of natives in some cases and addition of exotics in others. In all cases, however, biodiversity loss resulted from complex species interactions. As seen on the islands of Lago Guri, such events and their ecological consequences are difficult to predict, both in timing and the precise pathways of change. On the Channel Islands, feral pigs were introduced over 100 years ago, and bald eagles were extirpated roughly 40 years before colonization by golden eagles. It is not apparent why this community shift took decades to occur. Looking seaward to the northern Pacific, we see hints of similar spatial and temporal unpredictability, where large-scale whaling appears to have triggered a series of population declines, via an apex predator, with widespread ecosystem consequences. Both the killer whales of the northern Pacific and the golden eagles of California demonstrate how human-induced perturbations can cascade across ecosystems at the regional scale.
Ecological impacts resulting from the loss or gain of highly interactive species can also be swift and often triggered by very few individuals. As few as six killer whales could have caused the precipitous decline in sea otters in the Aleutian archipelago (Estes et al. 1998; Williams et al. 2004) , and as few as seven golden eagles may have driven the island fox declines (Roemer et al. 2001) . Few, fast, and fickle may be common themes associated with human-induced effects on ecosystems as mediated by changes in the abundance, presence, or behavior of apex predators. Yet while these immediate short-term effects may be difficult to predict, the longerterm changes-ecosystem simplification and biodiversity loss-triggered by human perturbation are increasingly clear. Ecological simplification and biodiversity loss are not only of the present; rather, they have been going on for the last 50,000 years. As a consequence, many species characters, and the ecological landscapes those species inhabit, are anachronistic.
These terrestrial examples, so beautifully described from New World ecosystems, raise an important question about the oceans: To what degree are the life histories and current patterns of distribution and abundance of marine organisms the result of the recent mass reductions of fishes, invertebrates, and whales and the concomitant loss of ecological interactions that have come at the hand of human exploitation of these key marine consumers? Hardly anyone, it seems, has thought about such possibilities. If our view of the land and the coastal oceans (Jackson, Chapter 4 of this volume) are any indication of the processes operating in the open sea, it is difficult to imagine that whales and whaling did not have profound influences on marine biodiversity.
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